A study was undertaken to clarify the pathogenesis of tracheal stenosis complicating the use of cuffed tracheostomy tubes, a complication of increasing clinical significance.
HISTORY AND PATHOGENESIS Colles (1886) reported that of 103 tracheotomies performed for diphtheria with 57 recoveries, four patients developed tracheal stenosis. Since that time, even with refined operative techniques and better postoperative care and management, tracheal stenosis following tracheotomy with cuffed or uncuffed tubes is still a hazardous complication reaching reported incidences of 1 to 20% (Falbe-Hansen, 1955;  Aboulker, Lissac, and SaintPaul, 1960; Paloschi and Lynn, 1965; Deverall, 1967; Johnston, Wright, and Hercus, 1967; Kucher, Lechner, Pokieser, and Steinbereithner, 1967; Pearson, Goldberg, and Da Silva, 1968a and b; Pearson and Fairley, 1970 ; Andrews and Pearson, 1971) . Four Schueller (1880) investigated the healing of the incised pig trachea and found that the cut edges of the cartilages united by a fibrous bridge and not by the regeneration of cartilage. Nelson (1958) also observed that cartilage does not regenerate after tracheotomy.
TIP OF CANNULA In 36 tracheotomies in victims of thermal burn injury, Teplitz, Epstein, Lawrence, and Moncrief (1964) found that all displayed a distinctive morphology of tracheotomy-cannulainduced tracheitis, a lesion occurring at the site where the distal end of the cannula abuts against the anterior tracheal wall. He traced the pathogenesis of necrotizing infectious focal tracheitis to the original mechanically initiated erosion which ultimately caused death in five of these patients.
TIGHT SUTURING OF WOUND Putney (1955) thought the principal cause of stenosis was tight suturing of the wound about the tracheotomy tube. This encourages peritracheal infection, perichondritis, and stenosis at the site of the tracheostome developing during the healing process.
HYPOXIA AND ALTERED TISSUE RESPONSE Little (1956) Murphy et al. (1966) produced stenosis at the stoma in dogs by placing the inflated cuff in the stoma for seven days but found that they were unable to obtain a lesion with the inflated cuff in the trachea for 10 days. Cooper and Grillo (1969) produced varying circumferential, erosive lesions of the trachea experimentally at a cuff site in dogs within five days to two weeks by positioning a conventional tracheotomy tube cuff endoscopically, without performing a tracheotomy, and inflating it at clinically used pressures. Thereby the effects of the creation of a tracheostome were avoided.
Since the combination of cuffed tracheotomy tubes and assisted ventilation has become popular in treating certain maladies, an increasing number of stenotic lesions have occurred at the level of the cuff. Johnston et al. (1967) found that of 12 stenoses in a group of 325 tracheotomies, seven occurred at cuff level. Gibson (1967) found that of 10 patients developing tracheal ulceration at cuff level, all 10 developed stenosis, and of 15 patients developing overdistension of the trachea at the cuff site during assisted ventilation, six developed stenosis. Andrews and Pearson (1971) , in a two-year prospective study in patients who required tracheostomy with assisted ventilation in a respiratory failure unit, found the incidence of symptomatic tracheal stenosis was 17-5% in 103 patients. Twelve strictures developed at the level of the tracheostome and six at the level of the inflatable cuff. Data obtained from the study permitted anticipation of stenosis before the lesion actually developed. Without exception, the finding of circumferential mucosal ulceration at cuff level was a prelude to subsequent symptomatic stenosis. Other conclusions reached were that tracheostomy tubes of large diameter predispose to both stomal and cuff strictures; steroids predispose to stomal stenosis; and hypotension during the period of assisted ventilation and airway infection are probably significant factors. Adriani and Phillips (1957) described an apparatus to correlate the intracuff pressure with the lateral pressure that an inflated cuff exerts on the tracheal wall. No relation whatsoever was found since the intracuff pressure is that pressure needed to overcome the elasticity of the cuff which is variable and much higher than the pressure exerted on the tracheal wall.
With the intention of finding the effects of a cuffed tracheotomy tube on the tracheal wall, an experimental study using dogs was carried out. Effects were anticipated at the tracheostome and at the level of the inflated cuff. Two variables were employed on control animals-the pressure that the cuff exerted on the tracheal wall and the use of high dose steroids while the tube was in place.
METHOD
A method was devised to estimate and control the pressure that an inflated tracheotomy cuff exerts upon the tracheal wall (Fig. 1) '" (12 mm) or a Morrant-Baker 39/42 disposable cuff. The site of the stoma varied from ring 2 to ring 4 and at times two rings had to be incised in order to accommodate the tube. During the 14 days that the cuffs were continuously inflated, the pressures were checked or remeasured every two to three days using Pentothal anaesthesia; tracheal secretions were obtained for culture and sensitivity once weekly and bronchoscopic as well as digital inspection of the tracheal lumen was undertaken once weekly or when indicated.
At extubation the trachea was again digitally palpated and bronchoscoped. By injecting Hytrast into the tracheostome, tracheograms were obtained. The dogs were examined bronchoscopically at weekly intervals thereafter until they were killed 33 to 69 days after extubation. The time of death was determined by visualizing the trachea bronchoscopically and killing the dog when the degree of stenosis remained constant and the active healing process was minimal. Each trachea was fully epithelialized microscopically. After death tracheograms were taken and the superior thyroid artery was injected bilaterally with coloured latex in order to outline the vascular pattern of the tracheal submucosa. Latex injections were performed on normal dogs to outline the normal pattern. Photographic and histological slides of the trachea were taken. Evidence of tracheal stenosis was sought at the tracheostome, the level of the cuff, and the tip of the Engstrom cannula.
This method of investigation was carried out on four groups of dogs. Group A (3 dogs) had tracheotomies with uncuffed tubes; group B (10 dogs) had pressures between the cuff and trachea maintained at 45 cm of water; group C (14 dogs) had pressures maintained at 60 cm of water; and group D (10 dogs) had pressures maintained at 45 cm of water and received high doses of steroids given as 10 mg/kg of hydrocortisone intramuscularly daily for the 14 days of intubation and decreasingly smaller doses in the weaning period thereafter. Either the classical window incision, in which a square portion of the anterior tracheal wall is removed, the H-shaped incision, or a combination of both were used.
EXPERIMENTAL RESULTS
Airway infection developed in all dogs and the organisms cultured were similar to those from human airways in patients with tracheotomies. No method of humidification was used in the study and in considering our observations it is not possible to state what role lack of humidification has played in the pathogenesis of the changes observed. pressure and steroid groups and were related to the degree of stenosis produced in-all group a1fter the infection had subsided and the stoma had 4ealed.
GROUP A (Table I ) During tracheotomy these animals produced no significant amounts of tracheal secretions and the inner cannula had to be cleaned only at two-day intervals. Bronchoscopy at this time revealed a hyperaemic mucosa with an occasional erosion at the tip of the tube.
All three dogs with uncuffed tracheotomy tubes survived and developed tracheal stenosis at the tracheostome-two mild and one moderate (Figs. 2 and  3 ). The stenosis resembled that produced in dogs with cuffed tubes. One also had a step-like defect on the Occasional mucosal erosion occurred at the tip of the tube.
Of the ten dogs with inflated cuffs exerting 45 cm of water pressure against the tracheal wall six survived and four died of plugged cannulae 2 to 10 days after tracheotomy. All six survivors developed tracheal stenosis at the level of the tracheostome-three mild, two moderately severe, and one severe. The degree of stenosis varied inversely according to the weight of the dog and the size of the tracheal lumen (Figs. 4 and 5) .
At the stoma the lateral portions of the remaining cartilages excised at tracheotomy were collapsed medially and the intercartilaginous fibrous tissue had contracted, forming a wedge-shaped lumen with the base on a normal posterior membranous trachea (Fig. 4b) .
Five of the six dogs developed a small area of injury, an irregularity or step, in the anterior wall of the trachea five to six rings below the stoma, caused by mechanical abrasion of the cannula tip during the time the tube was in place (Fig. 6) . The mucosa and submusosa overlying these cartilaginous rings appeared thin in the gross specimen.
Latex injections indicated that the vasculature of the tracheal mucosa between the stoma and the cuff and distal to the cuff were normal, but the mucosa at the cuff level was ischaemic and relatively deficient of arterioles and capillaries.
GROUP C (Table III) An increase in the cuff pressure clearly produced more adverse changes in the trachea than low cuff pressures. Bronchoscopy done intermittently during the period of intubation was similar to that observed in group B. (Fig. 7) .
The mucosa overlying the remaining rings adjacent to the tracheostome also displayed a pattern of changes. Dogs dying one or two days postoperatively had healthy mucosa overlying the cartilages adjacent to the tracheostome (Fig. 8) . The mucosa in contact with the tracheotomy tube was hyperaemic and oedematous and beginning to ulcerate and expose cartilage. Dogs dying after three days showed increasing mucosal denudation of the remaining ring and rings just above and below the stoma. Such exposed cartilage inevitably dies, leading to an extensive loss of anterior and lateral structural support. These observations (Fig. 9) suggest that the type of tracheal incision used for tracheotomy is much less important than the actual diameter of the tracheotomy tube in determining the extent of the subsequent cartilaginous defect in the tracheal wall. Also, the greater the duration of cannulation, the greater the degree of mucosal denudation of cartilage.
Both survivors developed wedge-shaped stomnal stenosis with anterolateral defects similar to those of group B-one moderate and one severe. One dog also developed a mild fibrous anterolateral stricture at the tip of the cannula as well as the stomal stenosis (Fig. 10a) . At the time of extubation heaped up granulation tissue was evident on the anterior wall of the trachea, partially occluding the tracheal lumen as well as the lumen of the cannula (Fig. 10b) . Figure 10c shows the tracheogram 44 days after extubation and the degree of stenosis at each level is illustrated (Figs l(d and e) . This form of tracheal injury with ensuing stenosis at the tip of the cannula has been reported to occur in clinical patients by several authors (Johnston et al., 1967; Teplitz et al., 1964; Gibson, 1967) . Fig. 1Oa . There is a moderate anterolateral defect with preservation of a normal posterior membranous trachea. (e) Cross-section of the bottom stricture at the level of the tip of the cannula in Fig. 10a . The defect at this lower level is also anterolateral.
Only one dog survived. Of the others, five died of plugged cannulae one to three days postoperatively, and four died of pneumonia 5 to 10 days postoperatively in spite of receiving adequate doses of penicillin and streptomycin.
The nine dogs that died unexpectedly provided interesting and valuable information at necropsy. All nine had acute haemorrhagic tracheitis and four had diffuse bronchopneumonia and pleural effusions. The organisms grown from bronchial aspirates included B. proteus, Klebsiella, Staph. aureus, E. coli, Strept. faecalis, and non-specific Clostridia. The damage produced at the stoma by the cannula far exceeded that produced in the other groups. The denudation of adjacent cartilages was more extreme and occurred more quickly. At times extensive loss of mucosa occurred over the area on which the cannula had lain (Fig. 11 a and b) . On gross inspection, the area beneath the cuff was relatively protected from the acute inflammatory process in the mucosa and submucosa present elsewhere. In this experimental study no evidence of peritracheitis was observed, as has been reported in some clinical cases (Florange, Muller and Forster, 1965) .
The one survivor developed a typical wedge-shaped stomal stenosis which was mild in nature. An area of thinned mucosa and submucosa was present on the anterior tracheal wall at the tip of the cannula but there was no disruption of the cartilage. level was relatively deficient. The stenosis was not present at extubation which was verified by tracheograms and by bronchoscopy.
MICROSCOPIC RESULTS
When dogs were killed or died of plugged cannulae or pneumonia, histological slides of the trachea from the areas of the stoma, cuff level, and sections caudal and cephalad to the cuff level were obtained.
In all survivors a typical pattern was observed at the healed tracheostome with varying degrees of severity. Exuberant granulation tissue in the form of small fibroblasts invaded the stoma and cartilage did not regenerate. The submucosa was absent and the fibrous contracted bridge was covered with epithelium having undergone squamous metaplasia. The cartilage at the margins of the stoma was dying or dead with empty lacunae and, in varying degrees, was being replaced by active granulation tissue. This process seemed still active microscopically at the time of death, five to nine weeks after extubation. Occasionally the submucosa over the living cartilage at the sides of the stoma was also replaced by fibrous tissue (Figs 12 and 13) . Because of the contractile nature of fibrous tissue and the defect of cartilage anteriorly, the lumen assumed a wedge shape with an intact posterior membranous trachea as its base (Fig. 4b) .
In all killed specimens active granulation tissue was in the process of replacing cartilage. This raises the possibility of vascular granulations continuing to destroy viable cartilage in the period following extubation and when the effects of pressure and infection are no longer present.
The replacement of cartilage at the stoma was most severe in dogs having cuffs inflated at high pressures. The mechanism of the cuff which is the responsible factor is possible interference with circulation in the tracheal wall between the cuff and the stoma, which renders the intervening trachea ischaemic and more susceptible to infection and necrosis. group.bmj.com on June 15, 2017 -Published by http://thorax.bmj.com/ Downloaded from the submucosa was greatly thickened, predominantly by acute inflammatory cells. Areas of microthrombosis and microhaemorrhage were scattered throughout the submucosa, and the mucosa was thin, ulcerated, or absent, depending upon the severity of the infection (Fig. 15) . Peritracheal inflammation was common microscopically only, and in these cases it was mild. The area beneath the cuff displayed a less severe tissue response to infection than elsewhere, the cuff appearing to act as a protective barrier.
Steroids increased the damage to tissues at the stoma caused by the cannula. The adjacent cartilages were totally denuded of mucosa and submucosa and the inflammatory response was absent. Extensive haemorrhagic tracheitis was seen, especially distal to the cuff and between the cuff site and the stoma, but there was no evidence of an inflammatory infiltrate.
DISCUSSION
Of the 37 tracheotomies performed on healthy animals there were 12 survivors. The conditions in the kennels were relatively constant with only an occasional outbreak of respiratory tract infection, insufficient to explain the marked discrepancy in survivors in each of the four groups. The dogs with high cuff pressures and those with low cuff pressures and steroids were most susceptible to acute haemorrhagic tracheitis, excessive tracheal secretions, and obstruction of the cannula. Steroid therapy was associated with diffuse bronchopneumonia, resistant to the usual antibiotic coverage in four of the 10 dogs in that group.
Tracheal stenosis was produced in all survivors at the level of the tracheostome. The more severe stenoses were produced in tracheas with small diameters and in those with more than one ring incised or excised at operation. None of the three types of incisions used was preferable as far as the degree of stenosis was concerned since the Hshaped incision ultimately resulted in a window excision after the flaps of cartilage had become denuded, necrotic, and then totally absent.
No strictures were produced and no evidence of tracheal trauma was observed at the cuff level before or after extubation. There was no detectable difference in the use of either the MorrantBaker or Rusch disposable cuffs. In eight of the 12 survivors the distal end of the cannula produced deformities of the anterior tracheal wall, five to six rings below the stoma, and in one, the cartilage underlying this area was totally eroded and invaded by active granulation tissue, thereby producing a fibrotic stenosis. No subglottic abnormalities were seen in the study.
The stenoses were all typical wedge-shaped strictures due to the anterolateral collapse of the remaining cartilages at the stoma accompanied by fibrous contracture anteriorly at the healed stoma. The posterior membranous trachea remained intact and at times was puckered intraluminally.
Necropsy examinations on dogs dying soon after tracheotomy revealed that the inflated cuff appeared to serve as a protective barrier against the threat of severe tracheitis. Even though the area beneath the cuff had become infected, this was not as severe as the tracheitis, vascular congestion, erythema, and oedema found elsewhere. Microscopically this was also demonstrable. Pooling of secretions and exudate was most marked in the area just distal to the cuff near the tip of the cannula (Fig. 16) . FIG. 16 . The inner aspect of the trachea of a 35-lb. dog of group C, dying of a plugged cannula two days after tracheotomy. The area oftrachea at cufflevel appears to be protected from the vascular congestion, erythema, and oedema found elsewhere. Pooling of secretions is noted in the area just distal to the cuffabout the tip of the cannula.
When dogs were killed, latex injections showed a relative deficiency of submucosal vasculature under the cuff when compared with other areas that appeared similar to the pattern seen in normal dogs. Evidently the degree of ischaemia was insufficient to produce a lesion at this level. Florange et al. (1965) classified tracheal infections caused by cannulae into four microscopic stages. Stage 1 described a superficial irritation of 689 group.bmj.com on June 15, 2017 -Published by http://thorax.bmj.com/ Downloaded from mucosa caused by the cannula or cuff; stage 2 affected the submucosa and perichondrial areas corresponding to the zones of contact with the cannula; stage 3 described total denudation of the cartilage with tissues between and behind the cartilage involved in an exudative inflammatory response with thrombosed peritracheal veins and lymphatics engorged with cellular debris; stage 4 described circumferential mediastinitis occurring in contact with the necrotic trachea and localized to the peritracheal area. Our findings in dogs dying with plugged tubes and acute haemorrhagic tracheitis were similar to the first three stages only and occurred very rapidly.
The defect at the stoma heals with fibrous tissue and the cartilage does not regenerate. The inner edges of the cartilages at the stoma display invasion and phagocyte-like activity by small fibroblasts, and in dogs killed up to 69 days after extubation this process remains active. Therefore the dissolution of cartilage is a chronic process, perhaps supplemented by infection, and might have produced a more severe stenosis if the dogs had been killed three to six months after extubation.
Steroids reinforce all the processes described above. 
